A new method for the direct determination of majority thermal-capture cross sections and concentration of deep levels in p-n junctions is proposed. The combined use of a capacitance technique and a numerical simulation (which reproduces the experimental details) provides accurate results through the fitting of experimental and numerical capture transients. The sensitivity of the method to these electrical magnitudes is also shown. This procedure is applicable not only to abrupt pf-n junctions, which have been quite thoroughly analyzed, but also to samples where a nonabrupt shallow-dopant profile together with a high concentration of deep levels makes them respond to a capture pulse in ways not reported until now. This method was used to analyze the two levels of platinum in silicon in nonabrupt pf-n junctions with a platinum concentration comparable to that of the shallow dopant.
1NTRODUCTlON
The study of deep levels in silicon has suffered a pronounced decline in the last few years due to the increasing importance of researching deep traps in compound semiconductors. However, some questions related to this subject still await a clear answer. Advances in the characterization of semiconductor structures by numerical simulation, specially in transient situations, now allows these subjects to be treated more thoroughly. One of the subjects that is opened to further investigation is the determination of thermal capture cross sections of deep levels in arbitrary p-n junctions.
Accurate information on the capture cross section of deep impurities and its thermal dependence provides basic information for studying the lattice, the deep impurity, and their atomic interactions. Many theoretical works have been done in this area and some models have been proposed' where the capture cross section is related to the electronic wave functions of the crystal and the impurities, and to the charge state of the traps.
However, in the majority of the most widely studied deep levels in silicon, a dispersion of experimental values for this magnitude has been found, even when using identical techniques. This fact makes the proposed theoretical models difficult to test. The dispersion in values of the capture cross section is caused by the use of very rough analytical expressions and by the inclusion of only part of the effects participating in the capture process. In contrast, we have carried out accurate determinations of the kinetics of deep traps for capturing free carriers in asymmetrical p-n junctions and Schottky diodes; these types of junctions have been numerically analyzed to examine effects not previously included,2*3 such as the capture in the Debye tail, thermal emission of carriers at temperatures higher than the freeze-out of the deep level, and high concentration of deep impurities. However, p-n junctions implemented using ion implantation or diffusion cannot be treated as steep since the gradualness of the dopant-impurity profile and the existence of deep centers modify the free-carrier distribution near the edge of the space-charge region inside the depletion regiom4 therefore, previous models based on the capture in the Debye tail are not applicable. These new phenomenon must be treated in a different way, that being one of the purposes of this article.
Another common source of mistakes lies in underestimating experimental details that are important for obtaining accurate values of capture cross sections. In particular, for the widely used short-circuit diode technique, the rise and fall times of externally applied capture pulses have not been taken into account, which is especially important to do when capture-relaxation times are very short.
Our work avoids all these drawbacks through the use of a combined experimental-numerical method. The simulation of the electric behavior of junctions during transient response, without approximations and incorporating all the experimental details, guarantees an accurate value for the capture cross sections. This method is applicable to all types of p-n junctions, but is particularly useful for junctions whose shallow-dopant profile cannot be modeled as a perfect step profile (even when more than one deep level is present). In this case, our method simultaneously calculates the capture cross sections of all the deep levels. The widely studied abrupt p ' -n or n '-p junctions can also be treated using this approach.
In this article we examine our proposed method and use it at different temperatures to study nonabrupt silicon p+-n junctions doped with platinum. Majority thermalcapture cross sections of the two deep levels associated with platinum in silicon and their concentrations have been obtained.
II. NUMERICAL AND EXPERIMENTAL CONSIDERATIONS
A method has been developed based on the wellestablished short-circuit diode technique,5 combined with numerical simulation. An explanation of this technique is Fig. 1 (a) ]. Zero-carrier occupancy is established at the high reverse bias ( V,) at a high enough temperature for thermal emission to take place. After the steady state is reached, the junction is cooled to the measurement temperature. Positive pulses of amplitude U ( U < 1 V, I) are then superposed on the reverse bias of the junction. The capture of free carriers takes place whenever the absolute value of the reverse voltage is less than 1 Vx 1 volts. The value of the trapped charge is obtained by highfrequency capacitance measurements when the junction is biased again at V, volts. These measurements are made after a period of time f m [ Fig. 1 (b) ] has passed for the experimental setup to respond. As new pulses are applied, more traps are occupied and, therefore, a capacitance transient is registered. When free-carrier capture is very fast, the positive pulses must be shortened to some tens of nanoseconds. Experimentally it is difficult to get such short pulses with perfectly abrupt rise and fall times. Normally the rise and fall times (t,,t,) are comparable to the flatzone time (ra). In these cases, the capture during the rise and fall of the pulse is not negligible and must therefore be considered more precisely. One of these pulses is shown in Fig. 1 (b) .
Another experimental detail sometimes not taken into account is the interval of time (t,J from the disappearance of the positive pulse till the measurement is taken. The measurements are usually taken at low enough temperatures for the thermal emission to be negligible during that period. However, in nonabrupt p-n junctions, when the deep-impurity concentration is comparable to or higher than the shallow-dopant one, emission is not negligible as we shall show below, and even anomalous capacitance emission transients have been measured.4 With all these inconveniences, this experimental technique is only suitable for cases where the deep-impurity concentration is much smaller than the shallow-dopant one, and in perfectly abrupt p-n junctions.
Therefore, in order to correctly interpret 'an experimental capture-capacitance transient, it is necessary to consider the shape of the capture pulses applied to the junction and the measurement time (1,) in taking the measurements. All these experimental details prevent an arbitraryp-n junction from being precisely analyzed by analytical expressions. To obtain a complete analysis it is essential to numerically simulate the junction with deep levels, reproducing the same experimental details.
The basis of our numerical method lies in the simultaneous resolution of Poisson and Shockley-Read-Hall equations to obtain the potential Q(x) and the occupation functions of the deep levels." We consider a p-n junction with a gradual profile of shallow dopants with a density of N(x) =ND(x> -Nsd(x), and two deep levels: one is acceptor and the other donor, both with a concentration of N,(x).
Given these assumptions, and considering the junction under reverse bias V and in transient conditions, the time evolution of this system must be described by the combination of Poisson's equation and the time-dependent expressions for the net charge density
when the occupation factors vary over time in the following way:
where p (x) and n(x) are the distributions of free holes and electrons, respectively, frl and f T2 are the occupation factors of the deep levels, 4 is the magnitude of the electron charge, es is the silicon dielectric constant, cp and c, are the hole and electron thermal-capture coefficient rates, and ep and e, are the emission rates.
Once the theoretical distribution of the potential Q(x) is known for any external-bias voltage value, other magnitudes of interest, such as the carrier concentrations, the deep-impurity occupation functions, the electric field in the junction region, and particularly the charge density stored on one side of the structure may be deduced: Q= Jown p(xWx, (4) W, is the position of the metallic contact in the n region, and p(x) is the net-charge density.
The high-frequency capacitance can be derived from the voltage derivative of Eq. (4). A simplified expression of this magnitude was obtained6 C=-s ,"^ Pqnav dx, where y = SQ/S Y, calculated by the resolution of Poisson's equation under small signal (SQ and 6V are small-signal increments) and high-frequency conditions, and no is the quiescent electron concentration.
This numerical analysis has to be applied to every single moment of the sequence of pulses shown in Fig. 1 (a) . To do so, we propose a discretization of the pulse in which rise and fall times of the capture pulse are spread out in short regular intervals [ Fig. 1 (b) ]. In any of these intervals, any electrical magnitude of the junction and the highfrequency capacitance may be obtained. However, we are interested in obtaining the capacitance at exactly the same time as the experimental measurement is taken.
With these theoretical and experimental arguments, we propose a method for the direct determination of thermalcapture cross sections of majority carriers of deep impurities in p-n junctions. The method lies in the measurement of capacitance transients during the capture of free carriers at different temperatures and voltage biases using the technique described above, and the subsequent fitting with capacitance transients obtained by the numerical simulation mentioned, reproducing the same experimental conditions. In the simulation, the shallow-dopant profile (previously calculated by a nondestructive method7), deep-level energies, their emission rates, and the times defined in the experimental pulse are introduced as data. Thermal-capture cross sections and the concentration of deep traps are the parameters for the fitting. The exact values for these parameters are those that provide the best agreement between experimental and numerical capacitance transients.
Ill. THEORY: NONABRUPT p-n JUNCTIONS WITH HIGH DEEP-TRAP CONCENTRATION
We have mentioned the existence of experimental difficulties in obtaining capture cross sections and the concentration of deep traps in the junction regions where capture takes place. To verify the usefulness of our method, the electrical behavior of a nonabrupt p ++z junction with deep levels is now numerically studied. The shallow-dopant profile considered is represented by an exponential function, N( 1 -es""), where donor concentration far from the junction on the II side is N=6.67~ lOI3 cmla3, ;1-10 pm, and the metallurgical junction is located at x=0. On the p side, N=2.07 X 1013 crnm3 and /z -3.1 ,um. The area is 0.02 cm2. Two deep levels are with the following features are also included: the acceptor one E,, is located at 0.22 eV below the minimum of the conduction band, and the other, a donor En, is placed at 0.34 eV above the valence-band maximum. Both have the same concentration, N,(x). A junction with more than one deep level has been chosen in order to check our method with several parameters. The evolution of the capacitance transients when these parameters and the bias voltage are modified has also been studied in order to demonstrate the sensitivity of the method. A new difficulty is added because the values of these parameters must be obtained at the same time: o,A , a@, NT(x) (electron capture cross section for acceptor level, hole capture cross section for donor level, and deep-impurity concentration in the capture region, respectively). We first examined the effect of the deep-impurity concentration in the capacitance transients corresponding to the capture of majority carriers. To do so, we numerically studied two junctions with the same shallow-dopant profile [see insets Pigs. 3 (b) and 4(b)], but with different deeptrap concentrations. Capture pulses between -2 and -0.2 V were simulated for both junctions at T=90 K. In the first case, the uniform deep-trap concentration is NT= lOi cm -3, while in the second it is Nr=5.3~ 1013 cme3.
It is worthwhile to previously analyze the electrical behavior of these samples at these two voltages in the steady state. In Fig. 2 , the electric field, the majority carrier concentrations, the occupation factors of the deep levels, and the net-charge density are therefore shown for the highly doped junction at '-2 and -0.2 V. Some interesting phenomena may be observed in this figure: (a) an electric field component, far from the metallurgic junction, which appears where the deep trap and the shallow-impurity concentrations are equal; (b) charge inversion at the same place, separated from the space charge region by a zone with zero net charge but a non-negligible concentration of free carriers (electrons). This zone plays an essential role in the interpretation of the capacitance transients associated with the free-carrier capture process, as shown below. A more detailed study of the electrical magnitudes in this type of junction has been developed in Ref. 4 . We omit the electrical magnitudes representation for the lightly doped samples because they are perfectly described by the classical model of p-n junctions.
The differences in the static behavior of this type of junction are also reflected in the capacitance transients obtained by applying the sequence of pulses shown in Fig.  1 (a). Figures 3(a) and 4(a) show capture-capacitance transients for lightly and heavily doped junctions, respectively. They were evaluated at 90 K, and for different measurement times (f,) from the end of the capture pulses. The effect of the measurement time t,, may be seen in these examples. Depending on the value of tm , the emission may or may not be important after each of the capture pulses of the sequence. This emission is due, on the one hand, and as is well-known, to the carriers captured during the positive pulse inside the depletion layer (between points 0 and M in Fig. 2) , and on the other hand to other carriers not captured during this pulse but bound to the centers and located just at the charge inversion region (between points M and N in Fig. 2 ). In the lightly doped junction [ Fig. 3 (a) ] the emission is negligible for t, < 10 ms, whereas when this period of time is comparable to e;' (5.6 s at 90 K), the emission becomes important and is due solely to the first group of carriers mentioned above. However, this argument is not valid for studying the highly doped samples. Even for times t, much lower than e;' (t,= 10 ms), the effects of a strong emission of carriers are observed, which even screen the effects of the previous capture process, as shown at the end of the capacitance transient. For a longer measurement time (t,= 100 ms), the case is even more pronounced: the capacitance transient looks like an emission transient instead of a capture one. These capacitance transients [Figs. 3 (a) and 4(a)] can be understood by examining the occupation factor evolution of the acceptor level, ET,. This magnitude was obtained at precisely the same time that the numerical capacitances were calculated during this sequence of pulses [points Mi in Fig. 1 (a) ]. We have chosen the case where the time between the end of the pulse and the measurement is tm = 10 ms; the occupation factor is represented at four of these points. In the lightly doped sample [ Fig. 3(b) ], the occupation factor increases over time inside the space- charge zone, showing the well-known capture of electrons from the conduction band. In the highly doped sample, the depletion region is not limited to a charge zone surrounding the metallurgical junction, but also extends to a wider zone that includes the other component of the electric field or the other inversion of charge shown in Fig. 2 . A region where free-carrier concentration is not negligible is also included in this wide zone. This fall in the concentration of free carriers cannot be modeled by the Debye tail, and the evolution of the occupation factor of this level must be analyzed carefully [ Fig. 4(b) ]. On the n side, this evolution takes the form fr&Gt> = c,n W) c,nW) +e, + fn(x,t-At) -c ,c;$$ n , n 1 xexpC-[c,n(x,t> +e,l AtI.
In the lightly doped junction, the electron concentration and the occupation factor are negligible inside the depletion region. Therefore, during the period of time tm, the product c,n(x,t) is much lower than e,. In this case, if t,ge;l, no emission is observed However, in the highly doped junction, and in the region inside the space-charge zone, where the electron concentration is important, this product becomes comparable to or even greater than e,, and in consequence the exponent in Eq. (6) is increased. On the other hand, the occupation factor in this region is near unity, and so the subtraction in brackets is positive for the same equation. With these two conditions we have an enhanced emission in this zone of the depletion region [ Fig. 4(b) ]. In summary, two different zones appear inside the space-charge zone. One of them occurs where the capture process dominates, located at the same position as in the lightly doped junction. The other one appears where the emission is enhanced, mainly due to the existence of free electrons inside the depletion region, and is located between the above zone and the edge of the depletion region. We observe a decrease or an increase in the capacitance transient, depending on the dominant phenomenon during relaxation.
Although tm , the time necessary for the experimental setup to respond, can be minimized, it is essential to consider the effects of this emission phenomenon, which, as we have just shown, are even observed at low enough temperatures for e,; '>t,. Once the phenomena that take place in nonabrupt p-n junctions with deep levels have been analyzed, a method that tries to determine their physical parameters must take these facts into account and be sensitive to them.
IV. SENSITIVITY TO CAPTURE CROSS SECTIONS AND TO DEEP-LEVEL CONCENTRATION
Next, new simulated transients are presented in order to observe their dependence on the deep-level concentration and the thermal capture cross sections. In previous works, one of the most common sources of error in the determination of capture cross sections is that they are based on a prior estimation of the deep-level concentration. The error in the calculation of this concentration is included in the capture cross section since the analytical expressions handled explicitly make use of this parameter. In addition, these expressions have another limitation: most of them are only applicable to samples where deep-level concentration is much lower than shallow-dopant concentration. Our method avoids these problems since the concentration is also obtained from the capture-capacitance transients and no approximations are used. The sensitivity to the deep-trap concentration is shown in Fig. 5 : several capacitance transients were simulated at 85 K, the bias voltage was PrR= -50 Vt positive pulses of amplitude U= 10 V were applied, and the characteristic times of the pulses were t,-0.3 s, tf=30 ns, t,=40 ns, and t,=60 ns. The shallow-dopant profile is the same as in the above section (ND=6.67x lOI cm-j in the n-type substrate) and the deep-level concentration varies from NT=2.4>( 1013 cme3 to Nr=3.0~ lOI cmv3, keeping the values of the capture cross sections constant. A great variation in the transients is observed with no great change in N,; thus, this parameter can be obtained with good precision.
The analysis of a nonabrupt pf-n junction with two deep levels, one acceptor-type in the upper half of the band gap, and a donor one in the lower half, enables us to obtain capacitance transients where only one of the levels captures free carriers. To do this, appropriate voltages must be applied. The variation of only the acceptor-level occupation on the n side is caused by applying high reverse voltages. In contrast, if low reverse voltages are applied, both levels capture free carriers since the two edges of the spacecharge zone both contribute to the capacitance transient due to the gradualness of the junction. Figure 6 shows, first, the variation of the capture transients with parameter CT,, (electron capture cross section for the acceptor level) at 85 K. The bias voltage was V, = -50 V and positive pulses. of amplitude U= 10 V were applied; the features of the pulses and the shallowdopant profile are the same as in Fig. 5 . The deep-level concentration is NT=2.7X lOI3 cme3. The large variation in the simulated capacitance transients with little change in otiA indicates the sensitivity to this parameter.
Finally, the variation of simulated capacitance transients with parameter a,, (hole capture cross section for the donor level) is shown in Fig. 7 . In this case a lower reverse voltage is applied, V,= -10 V, and the pulse amplitude is 9.5 V, with the rest of the conditions being the same. Now, a, and NT are kept at fixed values. In spite of the capture processes taking place on both levels (one on the n side and the other on thep side) and the fact that the capture on the n side dominates (due to the highly doped p region), the variation of the capacitance transients with apD is still measurable.
Once the sensitivity of the capacitance transients to these three parameters has been observed, we can ho6 apply the method to obtain the values of the majority thermal-capture cross sections in a practical case.
V. APPLICATION TO THE Si:Pt SYS?Eful

A. Experimental setup
The experimental setup used to measure the capturecapacitance transients is mainly based on the use of a lock-in amplifier as a capacitance meter. The main advantage is that this enables us to apply tile capture pulses directly to the sample. The samples are introduced in a liquid nitrogen cryostat whose temperature is controlled ( *to.1 K) by an Oxford 3120 temperature controller:.The short positive pulses are supplied by a Hewlett-Packard 8012B pulse generator. The pulse shape is directly measured in the sample terminals by Tektronix highimpedance compensated probes. The junction current is amplified by an EG and G 18 1 preamplifier, and then the value of the capacitance is extracted by an EG and G 5208 lock-in analyzer. The entire setup is computer controlled.
Samples preparation
All the samples measured were p+-n silicon junctions. The n layer is phosphorus doped with a resistivity of 62.5 fi cm. Boron diffusion on the substrate was carried out at 1280 "C! for 20 h. Platinum was diffused at different temperatures, which allowed us to obtain samples with different deep-impurity concentrations: 850 "C!, sample A; 860 "C!, sample B; and 870 "C, sample C. In a previous work,8 the levels associated to platinum in silicon were located in the band gap: the acceptor level at EC-O.22 eV and the donor level at E,+O.34 eV. The shallow-dopant impurity profile, the majority thermal-emission coefficients, and the platinum concentration around the metal- lurgical junction were also calculated. The shallow-dopant profile was used in the above theoretical case (insets of Figs. 3 and 4).
C. Results and discussion
The experimental capture capacitance transients were measured at several temperatures and bias voltages, and capture pulses were applied with different values for the times defined in Fig. 1 . The existence of a nonabrupt p+-n junction permits us to make use of the theory described above. Thus, o& and the deep-level concentration NT were obtained far from the junction, by supplying high reverse voltages and pulses of small amplitude. The numerical capacitance transients for samples B and C in Fig. 8 (solid lines) best fit the experimental transients (circles), with which they are in very good agreement. The temperature in this figure was 84 K and the reverse bias varied between -50 and -40 V. The value of a,, was independent of the shape and duration of the pulses, of the temperature ( 80-93 K), and of samples with different concentrations of platinum. One might think that other pairs of values of a,, and NT could fit the same experimental transient however, it is not possible because the a& value mainly affects the initial slope of the transient and it is the center concentration that influences the amplitude and values of the transient. In any case, we modified this pair of values, and verified a worse fit than with the pair calculated by our method.
In the temperature range (80-130 K), we have also obtained the up0 values and the deep-impurity concentration near the metallurgic junction. Since, in a first fitting, we estimated very different values for both capture cross sections, we divided the capacitance transient in two parts in order to obtain an accurate value of opD (much lower than ff&). The initial fast part was more sensitive to the higher capture cross section o,,A and the final slow one to the lower capture cross section apD. The fitting in this final part of the transient enabled us to calculate apD accurately. In Fig. 9 , the fittings between numerical (solid line) and As may be observed in Fig. 9 , we measured capturecapacitance transients with sections showing an increase for the highly doped samples when the space-charge zone varies near the metallurgic junction, as shown in the theoretical development of this study. The fitting was possible even for these extreme cases, and it enabled us to obtain the values of the capture cross section at these temperatures. In recent works,2'3 the emission has been included in numerical analysis to' treat the effect of the Debye tail. However, as we have shown, a different distribution of free carriers appears inside the depletion region of nonabrupt junctions highly doped with deep impurities.
The results of this study show that the electron thermal-capture cross section for the acceptor level is independent of temperature (in the range X0-93 K) and its value is a,= (1.1 AO.1) X lo-l4 cm*. In the hole thermalcapture cross section for the donor level, we have observed a certain thermal dependence, obtaining the values
x lo-l6 cm2 at T= 125-129 K. This dependence may be described by apD=6.8x 1015 exp ( -0.023/KT) cm2. At the same time, the deep-trap concentration in the capture region has been calculated for the three samples. The results can be observed in Fig. 10 . Samples B and C are almost compensated in the n region, and, near the metallurgic junction, the deep-trap concentration even exceeds the shallow-dopant one.
In our analysis, the thermal velocities were evaluated from the expressions9 l&h= 1.68X 107( T/300) 1'2 cm/s, z&=2.07x 10 7 (T/300) I'* cm/s BIG. 10. Deep-impurity concentrations for the three samples, obtained by our method, compared with the shallow-dopant profile.
where z& and L& are the hole and the electron thermal velocity, respectively.
The values obtained for the capture cross sections may be compared with other authors' reports in Table I . Substantial differences can be observed which may be caused by the experimental techniques employed and by the analytical expressions used to obtain these values. Among possible causes it is worth mentioning the following points: (a) In order to calculate the cross sections, some works needed to know the deep-trap concentration and, therefore, a possible error in this magnitude may have produced serious errors in the final values. (b) When the deepimpurity concentration is high, its profile crosses the shallow-dopant one (in the case of nonabrupt junctions); if this interception takes place in a zone inside the depletion layer, the emission is enhanced and large errors can occur if it is not taken into account. This error may be even greater than lOO%, as we have verified by simulation. (c) Neglecting the capture during the rise and fall times of the positive pulses may also cause serious errors. We have verified that modeling the real pulse by means of an ideal one, where all these times are averaged, introduces mistakes in the determination of the capture cross sections. The new values obtained for the cross sections are lower by a minimum of 25%. 
VI. CONCLUSIONS
Until now, the methods proposed for the direct determination of thermal-capture cross sections of deep centers provided good results for Schottky diodes and perfectly abrupt p+-n or nf-p junctions, with low deep-impurity concentrations and ideal capture pulses. These methods are not applicable, however, to gradual junctions in which the shallow-dopant concentration may be greater, equal to, or lesser than the deep-trap one in different regions of the same sample, and when no ideal capture pulses are considered. In order to include these cases, even the wellunderstood ones, a combined experimental-numerical method has been developed for the accurate direct determination of majority thermal-capture cross sections and the concentration of deep traps in p-n junctions. Our method excludes all the theoretical difficulties by the numerical resolution of the junction in transient conditions with no approximations. At the same time, the experimental details are incorporated in the simulation in order to obtain an exact reproduction of the measurement conditions. The fitting between the experimental transients and the simulated ones provides the values for these parameters. This method may be widely used for studying deep traps in any kind of semiconductor.
In particular, our method has been applied to silicon graded p +-n junctions doped with platinum in several concentrations. ' We have obtained results comparable to those from recent works for all the samples. We have also successfully fitted capacitance transients for highly doped samples, where the classical considerations are not applicable, as we have shown, and where the distribution of shallow impurities must be accurately modeled. We have calculated, with our model of the shallow-dopant profile, both the majority capture cross sections and the deep-trap concentration in all the samples studied. In our range of temperatures, we have observed a constant value for ati and thermal dependence for o,D. Both parameters are independent of the deep-center concentration. Because of the gradualness of our samples, the two cross sections have been obtained simultaneously, and it has not been necessary to study pf-n and n+-p junctions separately depending on the character of the level.
